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Much of the impact of global warming on
human activities has focused on physical
consequences, such as more frequent vio-
lent storms and rising sea levels flooding
low-lying areas. However, there are grow-
ing indications that the potential effects of
global warming on human health are no
less serious (1). For example, geographic
and seasonal distribution of infectious dis-
eases, particularly vectorborne diseases,
could be markedly altered (2,3).
Vectorborne diseases are usually limited
in their distribution, either by the range of
the vector or by the range ofa reservoir ver-
tebrate host. The vector and host range are
affected, directly or indirectly, by tempera-
ture and precipitation. According to Shope
(4), global warming in North America
could extend the distribution of the mos-
quito vectors Aedesaegyptiand A. albopictus.
In addition to extending the geographic
range of these vectors, the development of
the mosquito larvae is faster in warmer cli-
mates, resulting in the mosquitoes becoming
adults sooner. Also, the extrinsic incubation
periods ofyellow fever and dengue viruses in
the mosquito vectors are dependent on tem-
perature (4). With warmer temperatures, the
incubation time required from when the
mosquito first encounters an infected host
until the mosquito is able to transmit an
infectious virus maybe shortened.
As a result ofthese factors, the mosquito
vectors may be more widely distributed and
metamorphose faster with global warming,
and the extrinsic incubation period ofvirus-
es like dengue and yellow fever may be
shortened. These altered factors could
result in increased transmission of vector-
borne disease in temperate climates where
vectors already occur but where develop-
ment of the parasite is limited by current
temperature conditions (4,5).
The sandfly, Phlebotomus papatasi, is a
vector throughout Southwest Asia of two
important infectious diseases, sandfly fever
and leishmaniasis. Sandfly fever is a viral
infection characterized by rapid onset, with
a 3- to 4-day course ofhigh fever and severe
debility, but mortality is low with this
infectious disease. Cutaneous leishmaniasis,
also known as Oriental sore or Baghdad
boil in Southwest Asia, is caused by a pro-
tozoal infection, either Leishmania tropica
or Leishmania major. The primary manifes-
tation of this disease is nonfatal ulcerating
skin lesions after an incubation period of
several days to many months. Visceral leish-
maniasis, or Kala azar, is a chronic systemic
infection caused by Leishmania donovani. It
has an incubation period from 2 to 4
months and can be fatal ifuntreated.
The distribution of P. papatasi is not
well understood but is known to be highly
dependent on environmental conditions.
Both sandfly adults and larvae are sensitive
to high temperatures and low humidities.
In laboratory experiments, all adult sand-
flies diedwithin 2 hr at temperatures above
400C, and temperatures below 10°C are
unfavorable for survival (6).
Besides temperature, laboratory studies
have demonstrated that as the relative
humidity increases, the number of sandfly
survivors increases. Studies also have shown
that the larvae, pupae and adult sandflies
must have a habitat with a constant, rela-
tively high humidity (6).
Rodent burrows, like those created by
the gerbil, Psammomys obesus, provide the
high humidity and cooler temperatures nec-
essary for sandfly survival. Caves, deep
cracks in walls, and dark corners in houses
also provide favorable environmental condi-
tions for the sandfly to survive and repro-
duce, even in areas of extreme temperature
and aridity (6). With the onset of cold
weather, however, sandfly larvae undergo
diapause, permitting them to survive the
winter and emerge as adults the following
spring (2). P. obesusalso serves as a reservoir
of the parasite that causes cutaneous leish-
manias (8).
Information on the seasonal distribu-
tion of P. papatasi indicates a definite sea-
sonal occurrence which is consistent with
environmental experiments: absent in all
locations in the cold winter period of
January and February, with a population
increase beginning in most areas byApril or
May and declining in October (9-11).
Also, most sandflies are nocturnal, probably
due to environmental factors. The biting
activity of P. papatasi starts immediately
after sunset and increase afterwards, reach-
ing a maximum around midnight when the
temperature tends to be lower and the
humidity higher (12). Biting activity has
been observed in Central Iraq to decrease to
13% at 0300 hr and to almost stop after
sunrise (12).
Using a computer model based on tem-
perature, relative humidity, dew point, and
previously reported vector surveys, this
study explores the potential effect global
warming could have on the seasonal and
geographic distribution in Southwest Asia
ofthe sandfly, P. papatasi.
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Initial Model
A model based on monthly weather and
vector occurrence data was developed pre-
viously to predict the geographic and sea-
sonal distribution of P. papatasi in
Southwest Asia (13). For the model, infor-
mation was compiled from 136 articles on
the presence or absence of the vector, P.
papatasi, as well as on the presence or
absence of human cases of cutaneous and
visceral leishmaniasis and sandfly fever.
Weather data were obtained from the
International Station Meteorological
Climate Summary, version 2.0, June 1992
(Federal Climate Complex, Asheville,
North Carolina). Data were available for
115 weather stations in 10 countries: Saudi
Arabia, Kuwait, Yemen, Iraq, Iran, Syria,
Jordan, Lebanon, Israel, and Egypt. These
data encompassed measurements of mean
high temperature, mean minimum temper-
ature, mean temperature, extreme high
temperature, extreme minimum tempera-
ture, relative humidity, and dew point.
Precipitation values were available for
only 40% of the 115 weather stations.
There were no precipitation values for any
of the 21 stations in Saudi Arabia, the 6
weather stations in Jordan, or the 1 station
in Kuwait. Mosquitoes require standing
water for reproduction; however, sandflies
lay their eggs in small batches in protected
places with high humidity and a high con-
tent oforganic matter (14). Pools of water
are not necessary for reproduction, and
therefore precipitation data were not con-
sidered critical to the development of a
model for sandfly activity.
The major determinant ofdisease risk in
this model is the dichotomy between envi-
ronmental conditions where the vector is
found and conditions where the vector does
not occur. Therefore, for this exercise, nega-
tive data, the absence of the vector and dis-
ease, were given the same weight in the
analysis as were positive data. Numerous
articles which reported that P. papatasiis not
found duringJanuaryand Februaryprovided
much ofthe negative data for the model.
The model was developed using the SAS
stepwise discriminant analysis procedure to
determine which variables were most usefil
in discriminating between vector presence
and vector absence (SAS Institute, Cary,
North Carolina). Six of the seven weather
variables were selected by the stepwise analy-
sis to be included in the model: mean mini-
mum temperature (F= 2.225, Prob = 0.14),
mean temperature (F = 8.236, Prob =
0.004), extreme high temperature (F= 5.049
Prob = 0.025), extreme minimum tempera-
ture (F = 9.073, Prob = 0.003), relative
humidity (F= 10.268, Prob 0.001), and dew
point (F= 18.114, Prob = 0.0001). Wilk's x
values ranged from 0.7553 to 0.7905.
Using the selected weather variables,
the discriminant analysis function classified
locations as vector present or absent and
calculated probability of occurrence values
for each location during each month ofthe
year. The model classified the 1742 obser-
vations into presence or absence and proba-
bility of membership: 74% of the 416
observations indicating absence ofthe vec-
tor were classified as absent by the model;
67% of the 414 observations indicating
presence ofthe vectorwere classified as pre-
sent bythe model.
Simulation ofGlobalWarming
To simulate global warming, the tempera-
ture values for all weather stations were
increased by 1°C, 3°C, and 5°C, and the
dependent variable was listed as unknown.
Dew point and relative humidity values
were not changed because it was not possi-
ble to accurately predict these parameters in
the isolated habitats ofvectors and animal
hosts. The model was then run, and proba-
bility of occurrence values were computed
for higher temperatures at the 115 weather
stations during the 12 months oftheyear.
SandflySurvival and Disease
Transmission
Laboratory studies of the sandfly have
found that, depending on the temperature
and relative humidity, P. papatasi eggs
hatch in 4-14 days, larval development
takes 3-27 days, and the pupal stage lasts
6-20 days. The entire life cycle requires
2-9 weeks (12). In Jerusalem, because of
cooler temperatures, only one generation of
sandflies reach the adult stage during the
summer, with the larvae of this single gen-
eration going into hibernation and not
hatching until May of the following year
(6,11). Transmission ofeither leishmaniasis
or sandfly fever rarely occurs in Jerusalem
because the sandflypopulation apparently is
insufficient to maintain endemicity. These
infectious diseases appear to occur primarily
in those areas where favorable temperatures
and other environmental conditions allow
at least two life cycles to be completed
(4-18 weeks), creating larger sandfly popu-
lations and a greater probability of contact
with both infected and noninfected host
(6,8,11,12).
In those locations where the model pre-
dicts positive values for 1 or 2 months only
in the summer, it is questionable whether
P. papatasi would have sufficient time to
complete more than one life cycle.
Consequendy, these areas were considered
to have a low probability oftransmission in
this study and not endemic for sandfly-
transmitted diseases. In contrast, weather
stations with positive probability of occur-
rence values for at least 4 months (May,
June, July, and August) were considered
locations that could support endemic dis-
ease transmission.
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Figure 1. (A) The relationship of temperature and relative humidity by month for locations positive for
sandfly activity in Southwest Asia. (B) The diurnal relationship between temperature and relative humidity
at3-hr intervals at Kuwait International Airport.
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The temperature and relative humidity
pattern of those locations considered to
have a high probability of occurrence indi-
cates that as monthly temperature rises, rel-
ative humidity declines (Fig. IA). However,
as the diurnal temperature declines, the rel-
ative humidity rises (Fig. 1B). This could
explain the reason sandflies are nocturnal.
During the day when the temperature is
high and the relative humidity is low, the
sandflies survive in isolated habitats, ventur-
ing outside to feed only during the evening
and early morning hours when the tempera-
ture is lower and the relative humidity is
higher (11).
Results
With current temperatures, 71 (61.7%) of
the 115 weather stations would be consid-
ered by the model as endemic for disease
transmission, permitting 2 or more life
cycles of the sandfly. Fourteen (12.2%)
could become endemic if the temperature
was increased by 1°C, 17 (14.8%) more
with a 3°C temperature rise, and 12
(10.4%) more, or all but one station, could
become endemic with a 5oC rise in temper-
ature. The one station that was not predict-
ed to be warm enough, even with a 5°C
increase in temperature, was Les Cedres in
Lebanon at an altitude of 1916 m (Fig. 2).
Seasonality also could be markedly
changed by global warming. Of the 115
stations, the model indicates that 17
(14.8%) would be endemic for the 8-
month period from March to October with
no temperature change. Fifteen (13.0%)
more could become endemic with an
increase of 1°C, 33 (28.7%) more with an
increase of3°C, and 34 (29.6%) additional
stations with an increase of 5°C (Fig. 3).
For 16 (13.9%) stations, seasonality would
not be extended to include the period from
March to October.
Unless there was a temperature increase
of at least 30C, the model indicates that
disease transmission would not occur at
any ofthe stations between November and
February (Fig. 4). With an increase of30C,
eight stations, seven ofwhich were in Saudi
Arabia, could possibly support disease
transmission throughout the year. With an
increase of 5°C, 30 (26.1%) stations could
possibly support transmission throughout
the year. All other weather stations would
have 1 or more months during the period
from November to February when the
temperatures are cold enough that the
sandfly would probably need to go into
diapause to survive.
Discussion
This predictive model indicates that higher
temperatures due to global warming could
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Figure 2. Locations of predicted distribution of P. papatasibetween May and August.
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Figure 3. Locations of predicted distribution of P. papatasibetween March and October.
greatly increase both the geographic and
seasonal distribution of sandfly vectors in
Southwest Asia. The geographic distribu-
tion could increase to include areas that
currently do not have temperatures warm
enough to permit a sufficiently large sand-
fly population to maintain endemicity.
Likewise, the seasonal distribution could be
extended in most locations and could result
in year-round transmission in Saudi
Arabia. These findings have to be qualified
by the fact that the model only evaluated
temperature increases and no other climatic
factors, such as humidity and rainfall.
Unlike mosquitoes, sandflies do not
need pools of water for breeding (3). The
increased humidity in rodent burrows,
deep cracks in walls and dark corners in
houses, where sandflies usually reside dur-
ing the day, provide not only lower tem-
peratures but also increased humidity need-
ed for survival even with higher daily out-
door temperatures. Nocturnal activities,
however, could be shortened if tempera-
tures remain high and humidity low during
evening hours.
Sandfly fever is caused by viruses
belonging to the phlebotomus fever
serogroup, with serotypes Naples and
Sicilian occurring in Southwest Asia.
Temperature can affect the rapidity of the
life cycle ofarboviruses because as the tem-
perature increases, the extrinsic incubation
period decreases (3). Consequently, some
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SandflyAbsent No change
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Figure 4. Locations of predicted distribution of P. papatasibetween November and February.
viruses could replicate much more rapidly
with global warming, which could also
increase disease transmission. The effect of
increased temperature on the phlebotomus
serogroup ofviruses, however, is unknown.
Leishmaniasis is caused by Leishmania
spp., a protozoan infection. Leishmania
spp. have acquired thermotolerance, expe-
riencing temperatures of 22-28°C in their
mammalian hosts, 31-35°C in skin lesions,
and up to 37°C in visceral organs (15).
Therefore, increased temperatures due to
global warming probably would have little
effect on these protozoans, and in those
locations where sandflies can find habitats
to survive the daytime heat, global warm-
ing should have little adverse affect on sur-
vival and on transmission of these infec-
tious agents. Whether higher temperatures
would adversely affect the rodent hosts of
the sandfly vector has to be considered, but
could not be evaluated in this analysis.
To determine the effects of global
warming and validate this model, field col-
lections of the vector and monitoring for
increased disease distribution will have to
be conducted. In locations that are on the
periphery ofcurrent endemic areas, studies
to ascertain ifthe vector has become estab-
lished or ifthere is a marked rise in disease
occurrence could indicate that global
warming has increased temperatures suffi-
ciently to permit the establishment of new
endemic foci. Furthermore, detecting sand-
fly activity during the winter months in
areas previously free of the vector during
this period could provide strong evidence
ofthe effect ofglobal warming.
Malaria has been the disease most often
studied in relation to the impact ofglobal
warming on human health. As with this
model, the malaria mosquito models project
an increase in the geographic distribution of
the disease, particularly at the borders of
current endemic malaria areas, at higher ele-
vations within endemic malaria areas, and
with current temperate climatezones (5).
Because P. papatasi is the vector for
both sandfly fever and cutaneous and vis-
ceral leishmaniasis, several different diseases
could be affected with an increase in this
vector. In a nonimmune population, sand-
fly fever can easily reach epidemic propor-
tions (11). Although usually not fatal,
sandfly fever does cause high fever,
headache, and general debility similar to
influenza. Cutaneous leishmaniasis causes
polymorphic skin lesions which can be dis-
figuring and a nidus for bacterial infection.
Visceral leishmaniasis is a chronic systemic
disease that can be fatal.
Sandfly fever, cutaneous leishmaniasis,
and visceral leishmaniasis, are difficult to
diagnose and to treat. Use ofinsecticide for
vector control can be expensive and can be
harmful to the population. If an increased
geographic and seasonal distribution of P.
papatasi occurs due to global warming, the
impact of these diseases on human health
could be substantial.
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